Background Visual evoked potential (VEP) has been installed as one of the intraoperative visual function monitoring. It remains unclear, however, whether intraoperative VEP monitoring facilitates as a real time visual function monitoring with satisfactory effectiveness and sensitivity. To evaluate this, relationships between VEP waveform changes and postoperative visual function were analysed retrospectively. Methods Intraoperative VEP monitoring was carried out for 106 sides (eyes) in 53 surgeries, including two intraorbital, 36 parasellar and 15 cortical lesions in Shinshu University Hospital under total intravenous anaesthesia. Red light flash stimulation was provided to each eye independently. VEP recording and postoperative visual function were analysed. Results In 103 out of 106 sides (97%), steady VEP monitoring was recorded. Stable VEP was acquired from eyes having corrected visual acuity greater than 0.4. VEP was not recorded in one side with corrected visual acuity of 0.3 and two sides in whom sevoflurane was used incidentally for anaesthesia. Transient VEP decrease was observed in three sides, but visual function was preserved. Permanent VEP decrease was seen in seven sides, which presented visual impairment postoperatively. In one side, visual acuity improved but minor visual field defect was encountered postoperatively, though VEP unchanged throughout the surgery.
Abstract
Background Visual evoked potential (VEP) has been installed as one of the intraoperative visual function monitoring. It remains unclear, however, whether intraoperative VEP monitoring facilitates as a real time visual function monitoring with satisfactory effectiveness and sensitivity. To evaluate this, relationships between VEP waveform changes and postoperative visual function were analysed retrospectively. Methods Intraoperative VEP monitoring was carried out for 106 sides (eyes) in 53 surgeries, including two intraorbital, 36 parasellar and 15 cortical lesions in Shinshu University Hospital under total intravenous anaesthesia. Red light flash stimulation was provided to each eye independently. VEP recording and postoperative visual function were analysed. Results In 103 out of 106 sides (97%), steady VEP monitoring was recorded. Stable VEP was acquired from eyes having corrected visual acuity greater than 0.4. VEP was not recorded in one side with corrected visual acuity of 0.3 and two sides in whom sevoflurane was used incidentally for anaesthesia. Transient VEP decrease was observed in three sides, but visual function was preserved. Permanent VEP decrease was seen in seven sides, which presented visual impairment postoperatively. In one side, visual acuity improved but minor visual field defect was encountered postoperatively, though VEP unchanged throughout the surgery.
Conclusions Intraoperative monitoring of VEP predicts postoperative visual function: reversible change in VEP means visual function to be preserved. Visual field defect without decrease in the visual acuity may not be predicted by VEP monitoring. Intraoperative VEP monitoring will be mandatory for surgeries harbouring a risk of visual impairment.
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Purpose
Neurosurgical procedures for treatment of tumours or vascular lesions along the visual pathways carry a risk of visual dysfunction. This applies mostly to parasellar tumours and aneurysms, but also to temporal and occipital lobe tumours and intraorbital lesions. An already impaired visual pathway is particularly at risk in patients with parasellar lesions, such as tuberculum sellae meningiomas, craniopharyngiomas and internal carotid paraclinoid aneurysms. Postoperative visual impairment is a larger concern in patients with preserved visual function. A reliable method for real time visual function monitoring would assist in intraoperative decision making regarding radicality of excision and intermittent manoeuvres near the optic apparatus.
It was difficult to obtain stable VEP in real time intraoperative monitoring because of interruption by anaesthesia, in addition to insufficient and unstable stimuli delivery [1, 2] . However, VEP has recently been established for use in intraoperative visual function monitoring [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Due to conflicting reports on the usefulness of intraoperative monitoring of visual function by VEP, a consensus has yet to be reached and it remains unclear whether intraoperative VEP monitoring can be used in real time visual function monitoring with satisfactory results and sensitivity. In the present study, VEP was examined in surgeries associated with a high risk of optic apparatus damage. The relationships between VEP waveform changes and postoperative visual function were examined.
Clinical materials and methods
Between 2004 and 2007, intraoperative VEP monitoring was performed in 106 sides (eyes) in 53 patients (two intraorbital, 36 parasellar and 15 cortical lesions) in our institute. Clinical application of intraoperative VEP monitoring has been approved by the Ethical Committee of Shinshu University School of Medicine, and informed consent was obtained from the patients and their family. Flash VEP was recorded with a Neuropack evoked potential measuring system (Nihon Kohden Corporation, Tokyo, Japan). All patients were maintained under total intravenous anaesthesia (TIVA). Goggles incorporating with 15 red light (660 nm)-emitting diodes (Unique Medical Co. Ltd, Tokyo, Japan; Fig. 1 ) were placed over the patients' closed eyelids in both sides. The goggles had a thin and curved design and were made from reinforced plastic suitable for ethylene oxide gas sterilisation. The goggles were placed on a sterilised drape after craniotomy if the skin flap interfered with desirable goggle positioning at the early stage of craniotomy, such as bifrontal craniotomy and orbitozygomatic osteotomy. Flashing light intensity of the diodes can be adjusted with an electric current ranging from 0 to 20 mA by a bath amplifier, resulting in a light intensity of 0 to 175 mCd in the goggles. Averaged VEP waveform was obtained after each eye was stimulated separately. The stimulus average was one flash (40 ms) per second, and 40 to 100 flashes were recorded to obtain each averaged VEP waveform. Recording was performed in a montage of the five channels, with electrodes placed on the bilateral earlobes (A+) and the left occiput (LT and LO), occipital midline (Oz) and the right occiput (RO and RT). Bandpass was set from 1,000 to 10 Hz. A small negative potential and a large positive potential around 100 ms were recorded. The amplitude of the VEP was defined as the voltage difference between these two potentials. Needle electrodes were inserted subcutaneously at the lateral canthi for electroretinogram (ERG) recording. ERG was recorded simultaneously with VEP to guarantee delivery of adequate flash stimuli to the retina.
VEP was recorded first after completion of patient setup. At least two consecutive ERG and VEP were recorded to confirm the reproducibility of the ERG and VEP waveforms after setup in the absence of surgical procedures. Minimal stimulation intensity that produced maximal potential amplitude around 100 ms, supramaximal stimulation, was set for the stimulation intensity. The supramaximal stimulation ranged from 8 to 12 mA, resulting in 70 to 105 mCd in our series. The mean amplitude of initial VEP was 3.5 ± 1.2 μV. Then, VEP was recorded at each step in the surgical procedures. An amplitude decrease less than 50% of the control level was defined as positive. The examiner promptly advised the operator if a significant VEP change was observed, and the surgical procedure was ceased until VEP recovered upon the operator's decisions. Intraoperative VEP changes were assessed and evaluated by comparison with postoperative visual function. Corrected visual acuity was used as visual acuity in this study.
Results

Correlation of intraoperative VEP change and postoperative visual function
Intraoperative VEP was recorded in 103 of 106 sides (97%). Preoperative visual acuity ranged from 0.3 to 1.5. VEP was not recorded in one side with visual acuity of 0.3, and two sides in a patient in whom sevoflurane was used incidentally for anaesthesia. Minimum visual acuity was 0.4 in the patients in whom stable VEP was recorded. Stable VEP was acquired in 103 other sides throughout the surgeries, and no complications related to VEP monitoring were encountered. The results of VEP changes and visual 
Illustrative cases
Patient 1 was a 62-year-old woman with a 6-mm right unruptured paraclinoid aneurysm. The contralateral approach was adopted for clipping surgery. The relatively thick superior hypophyseal artery originated from the aneurysm body and ran to the optic chiasm and the right optic nerve. Before clipping the neck of the aneurysm, this artery was transiently occluded. Five minutes after occlusion, the VEP decreased to flat. However, the VEP recovered 5 min after release. After further dissection, the artery was transiently occluded again, and a reproducible transient VEP decrease was observed. Complete neck clipping was abandoned, and body clipping was carried out to preserve the superior hypophyseal artery. The VEP amplitude was maintained after the clipping procedure. The patient encountered no visual impairment postoperatively [7] . Patient 2 was a 60-year-old woman with an 11-mm right P2 unruptured aneurysm. A posterior subtemporal approach was taken. Five minutes of transient proximal occlusion before clipping produced a transient VEP change, which was mainly apparent as an amplitude decrease accompanied with a latency delay of positive wave around 100 ms. The sudden VEP change recovered after release of occlusion. Second transient occlusion also showed the same VEP change. Finally, the amplitude recovered and remained at the control level after release of occlusion (Fig. 2) . The patient did not show any visual impairment postoperatively. Patient 3 was a 51-year-old woman with a 15-mm unruptured left internal carotid artery aneurysm. Preoperative neuroimaging revealed an aneurysm protruding superomedially under the left optic nerve, which was compressed by the aneurysm dome superiorly (Fig. 3a, b) . Her visual acuity was 1.0 in the left eye preoperatively. In the operative field, the right optic nerve appeared very thin and was compressed toward the superior direction by the aneurysmal dome. VEP acquired by the left eye stimuli was recorded before craniotomy. The amplitude of VEP decreased gradually during dissection of the Sylvian fissure and approaching the left optic nerve, and finally the VEP disappeared. But, the VEP appeared gradually during optic canal unroofing. However, the amplitude decreased again when manipulating and dissecting the optic nerve from the aneurysmal dome and did not recover (Fig. 3c) . Postoperatively, the left eye appeared to be blind. Patient 4 was a 59-year-old man with recurrent Cushing disease and transcranial tumour removal was carried out by the right pterional approach. Preoperative visual acuity was 1.2 in both sides, and no field defect was noted. During optic canal unroofing, a diamond drill damaged some part of the right optic nerve unintentionally. VEP monitoring was stable and maintained at the control level before and after the procedure. His visual acuity improved to 1.5 in both sides. However, he showed lower nasal quadrantanopsia postoperatively (Fig. 4) .
Discussion
Feasibility of VEP for intraoperative real time monitoring
Intraoperative flash VEP monitoring has been considered useful [1-7, 9, 11-16] or unreliable [8, 10, [17] [18] [19] [20] [21] . VEP has been criticised as not being 'stable'. Some authors have reported considerable intra-and interindividual variability of the VEP recordings and they concluded that intraoperative VEP monitoring in surgically anaesthetised patients was not reliable [20, 21] . On the other hand, under TIVA, the amplitude of the VEP is larger and less variable in amplitude and latency [1, 2, 22] . In our series, some degrees of VEP changes were observed in the patients under TIVA, but stable waveforms were recorded even with longer operating time.
In comparing waveform changes before and after a certain surgical procedure, it is reasonable and acceptable that VEP changes during the procedure are due to the procedure itself. It is necessary to suspend the procedure to observe chronological VEP changes. In our series, VEP was lost in seven sides during surgery, and all patients showed severe postoperative visual disturbance. In contrast, three sides with transient VEP decrease and restoration during surgery showed no visual impairment after surgery. With our 
Stable stimulation method
Stimulation delivery is another critical point for stable intraoperative VEP monitoring. We used custom-designed goggles incorporating red light-emitting diodes capable of withstanding sterilisation. Supramaximal stimulation intensity on VEP was measured initially and stably maintained in all patients using these goggles. Lighter and more durable goggle development and cautious goggle setup promise stable delivery of stimuli, which had been a major obstacle for intraoperative VEP monitoring.
Mechanism of VEP change
Damage to the visual pathway during surgical procedures can be divided into three types: (1) ischaemic injury due to occlusion of the arteries supplying the optic apparatus, such as transient artery occlusion in aneurysm clipping surgery; (2) mechanical damage to the optic apparatus by dissection and/or retraction of the visual pathway, such as the optic nerve, chiasm and tract; and (3) a combination of (1) and (2) . VEP loss in patient 1 was considered due to ischaemia in the optic nerve and/or chiasm by transient occlusion of the superior hypophyseal artery supplying these parts of the visual apparatus. Intraoperative VEP monitoring detected ischaemic changes within a few minutes after the onset of ischaemia. In patient 2, the VEP decrease seemed to reflect It is difficult to determine which type of damage in the visual pathway is related to changes in VEP. Therefore, it is important to evaluate and confirm the presence of VEP changes at each step in the surgical procedure to prevent postoperative visual complications.
Limitation of intraoperative VEP for real time monitoring
Postoperative hemianopsia could be detected as sudden VEP changes, but quadrantanopsia could not be detected on intraoperative VEP monitoring in this series. Thus, VEP can disclose visual acuity impairment with greater sensitivity than partial visual field defects, which do not affect acuity. Moreover, VEP changes reflect visual acuity more sensitively than visual field defects. Especially, sudden VEP changes can disclose hemianopsia caused by ischaemia, but it may be difficult to detect minor visual field defects resulting from gradual manipulation on the optic radiation.
Conclusions
Volatile anaesthetic agents disturb VEP recording. VEP can be steadily monitored in patients with corrected visual acuity greater than 0.4. Permanent VEP loss means postoperative severe visual dysfunction. Transient VEP changes do not indicate postoperative visual disturbance. Visual field defects without decreases in the visual acuity may not be predicted by VEP monitoring.
